As a fundamental study on the behavior of arsenic in reduction smelting of nonferrous metals and treatment of byproducts and wastes, distribution equilibria between the speiss and slag phases were investigated. The isocurves of copper and iron activities in the Cu-Fe-As system at 1,423 K, which were determined on the basis of the arsenic activity and the phase relations between the solid solution and liquid phases, presented some characteristic features on a ternary Cu-Fe-As diagram. The distribution ratios of arsenic and copper between the speiss and calcium-ferrite or iron-silicate slag phases, defined by = (mass % X in slag) / (mass % X in speiss) with X = As or Cu, were determined at 1,473 K for the speiss whose compositions were on the iso-curves of iron activity. It was found that decreased remarkably with increasing iron activity and the observed behavior could be explained reasonably based on the fundamental thermodynamic properties of the speiss and slag components.
Introduction
The speiss phase, which is mainly composed of some transition metals as well as copper and the group 15 elements in the periodic table such as arsenic and antimony, often appears as a byproduct in nonferrous smelting processes operated in a strongly reducing atmosphere. It is known in the practical operations that the formation of the speiss phase in a reaction furnace causes a disturbance in the stable performance. Hence, it is of practical importance to clarify under what condition the speiss phase is made and which factors give an effect on the phase stability among the coexisting metallurgical substances.
However, the speiss will play a very important role in cleaning the metallurgical products such as metals and slags, which contain arsenic and antimony as detrimental minor elements because these can be effectively removed and enriched into the speiss phase under a strongly reducing atmosphere. On the other hand, elimination of arsenic and antimony from the speiss by volatilization or slagging is of great concern for treating the iron-or iron-copper-based alloys containing transition metals and the group 15 elements, which are recovered from the various residues and wastes.
The data on the phase equilibrium between the speiss and slag phases provide very useful information for discussing the formation of speiss in the metallurgical operations and its treatment by slagging. Hence, one of the authors 1) studied the phase equilibria between the Cu-Fe-Sb speiss and iron-silicate slag phases. The phase relations and the activities in the Cu-Fe-As system and the distribution ratios of arsenic and copper between the Cu-Fe-As speiss and calcium-ferrite or iron-silicate slag phases are investigated in this study.
Phase Relations and Activities in Cu-Fe-As System
The phase relations between the solid solution and liquid phases and the activities of the components in the Cu-Fe-As ternary system are fundamental data, which are essential for the thermodynamic discussion and evaluation of the distribution ratios of the components between the speiss and slag phases. However, no data are available except for the activity of arsenic determined at 1,423 K by Hino and Azakami 2) . Hence, in the present study, the phase relations were determined experimentally, and by combining the data on the phase relations with the arsenic activity reported by Hino and Azakami 2) , the activities of copper and iron in the Cu-Fe-As system were derived. The conjugate lines between the solution and liquid phases in the Cu-Fe-As ternary system were determined at 1,423 K. About 10 g of the total amounts of copper and iron chips, which had respectively 99.99 mass % purity, together with an iron rod of 99.99 mass % purity with a diameter of 5 mm and a length of 30 mm, were put in a quartz ampoule with an inner diameter of 10 mm and a length of 50 mm. The ampoule, after sealed under vacuum of about 10 -6 atm, was heated in a furnace at 1,423 K for 3 hrs, then, taken out of the furnace and quenched in a water bath. In the following procedure, about 3 g of the crushed alloy sample was put in a quartz ampoule, together with a thin iron plate of 99.99 mass % purity with 1 mm × 5 mm × 30 mm, and sealed under vacuum. It was kept in a heating furnace at 1,423 K for 3 days while the iron plate was saturated with arsenic and copper by diffusing from the coexisting liquid alloy phase to form a solid solution. Then, it was quenched in water and the solidified alloy and solid solution phases were separated to each other. The contents of copper and arsenic in the solid solution were determined by electron probe micro analysis (EPMA). The line analysis in the cross section of the sample showed that the concentrations of copper as well as arsenic are even in the whole cross section. This means that the solid solution was equilibrated with the liquid phase. On the other hand, the contents of copper and iron in the solidified alloy sample were determined by titration with EDTA and ascorbic acid, respectively, and the rest was taken as the arsenic content.
The results of chemical analyses are listed in Table 1 and the conjugate lines between the solid solution and liquid phases are illustrated in the Cu-Fe-As ternary diagram of Fig.1 . It is noted in Fig.1 that the liquidus line projects extensively toward the Cu-As axis in the ternary plane and is almost parallel to the bottom Fe-Cu axis in a wide mole fraction range of copper up to about 0.6. It is found that the copper and arsenic contents in the solid solution equilibrating with the liquid alloy are considerably small at less than N Cu of 0.08 and N As of 0.05, respectively.
Activities in liquid Cu-Fe-As alloy
The activity of arsenic (standard state: pure liquid arsenic) in the liquid Cu-Fe-As ternary system at 1,423 K, which was determined in the previous work 2) with an isopiestic method, is also shown in Fig.1 with the iso-activity lines. By combining these data with those on the phase relations determined in the present study, the activities of copper and iron (standard state: pure liquid copper and pure solid iron) in the Cu-Fe-As system at 1,423 K were calculated on the basis of the Gibbs-Duhem equation. A method proposed by Schuhmann 3) was used in the calculation. The derived iso-activity lines for copper and iron are illustrated in Fig.2 . In the present calculation, the activity of iron in the solid solution was assumed to obey an ideal behavior because the content of iron in the sold solution is very large. It is noted in Fig.2 that the iso-lines of the iron activity represent a feature fairly similar to that of the liquidus line, while those of the copper activity project toward the Fe-As axis in the Cu-Fe-As ternary diagram. It is considered that these behaviors are ascribed to the liquidus line projecting toward the Cu-As axis as shown in Fig.1 .
Phase Equilibrium between Cu-Fe-As Speiss and Slag
The liquid Cu-Fe-As speiss was equilibrated at 1,473 K with the liquid calcium-ferrite or SiO 2 -saturated iron-silicate slag, and the distribution ratios of arsenic and copper were determined. 3 
Experimentals
About 2 g of the speiss components and about 5 g of the starting slag sample were put in a MgO or SiO 2 crucible with an inner diameter of 10 mm and a height of 40 mm. They were sealed under vacuum of about 10 -6 atm in a quartz ampoule with an inner diameter of 14 mm and a length of 80 mm. The MgO and SiO 2 crucibles were used for the calcium-ferrite slag and the iron-silicate slag, respectively. This means that the ironsilicate slag was saturated with solid SiO 2 . The solubility of MgO in the calcium-ferrite slag was found to be small at less than 2 mass %.
In the experiments for the calcium-ferrite slag, the compositions of the starting speiss samples were adjusted to those on the iso-lines of the iron activity with 0.15, 0.3, 0.5, 0.8 and 1 in Fig.1 . While, in the experiments for the iron-silicate slag, the compositions were adjusted to those on a tie line connecting between pure iron and a specified mole fraction ratio of N As / N Cu = 0.15 / 0.85 on the Cu-As axis in the Cu-Fe-As ternary diagram. Fe 2 As and Cu 3 As, which were synthesized pyrometallurgically, were used as sources of arsenic in the starting speiss samples.
The CaO content in the starting calcium-ferrite slag samples was fixed at 20 mass %. The ratio of mass %Fe 2 O 3 / mass %FeO in the samples was adjusted so that the activity of iron in the slag after equilibration with the speiss phase might be approximately 0.15, 0.3, 0.5, 0.8 or 1. The adjustment of (Fe 3+ / Fe 2+ ) ratio was made on the basis of the relationship between the compositions of FeO-Fe 2 O 3 -CaO slags and the iron activity or the partial pressure of oxygen at 1,473 K, which was reported by Yazawa and Takeda 4) . Similarly, the compositions of the starting iron-silicate slag samples were also adjusted, based on the thermodynamic data 5) for the SiO 2 -saturated FeO- The slag and speiss phases were equilibrated at 1,473 K for 24 hrs and then quenched in water. It was confirmed in the preliminary experiments that the equilibration was made in 24 hrs.
The copper and iron contents in the solidified speiss were determined by titration with EDTA and ascorbic acid, respec-tively, and the rest was taken as the arsenic content in the speiss phase. The arsenic and copper contents and the iron content in the solidified slags were determined by Inductively Coupled Plasma Spectrometry (ICP) and the titration with ascorbic acid, respectively.
2 Results
The compositions of the equilibrated speiss, the arsenic and copper contents in the equilibrated slag and the distribution ratios of arsenic and copper between the slag and speiss phases are listed in Table 2 . Here, the distribution ratio is defined as = (mass %X in slag) / (mass %X in speiss) with X = As or Cu. The data in the samples A ~ E correspond to those for the equilibrium between the calcium-ferrite slag and speiss phases with the iron activity of about 0.15, 0.3, 0.5, 0.8 and 1, respectively, while the data for the sample F for the equilibrium between the iron-silicate slag and speiss phases with varying iron activity. It was found that the compositions of the equilibrated speiss differed very little from those of the adjusted starting speiss sample because the dissolution of arsenic and copper into the slag phase was considerably small and the change of iron content in the speiss was also kept small by adjusting the (Fe 3+ / Fe 2+ ) ratio of the starting slag samples so that the iron might have given activity values. The iron content in the slags also differed little from that of the adjusted slag samples.
The values of for the calcium-ferrite slag are plotted against the compositions of the speiss phase in the Cu-Fe-As ternary diagram of Fig.3 , where the data for the sample B are omitted for simplification. The iso-lines of can be estimated from the experimental results given in Fig.3 and those of = 0.0005, 0.001, 0.003, 0.005 and 0.015 are illustrated in Fig.4 . It is obviously shown in Fig.4 that increases with increasing mole fraction of arsenic at a given mole fraction (N Fe / N Cu ) and it also increases with increasing ratio of (N As / N Fe ) at a specified mole fraction of copper. The broken lines designated as (0.001) and (0.011), which were calculated thermodynamically as will be discussed later, are in good accordance with those derived from the results of the present experiments.
The values of for the samples A, C, D and E of Table 2 are plotted in Fig.5 and the estimated iso-lines of for 0.003, 0.005, 0.007 and 0.01 are illustrated in Fig.6 . It is clearly shown in Fig.6 that at a specified mole fraction ratio of (N Cu / N Fe ) is fairly constant against N As but it increases with increasing (N Cu / N Fe ) at a given N As . The broken lines des- Table 2 Compositions of the speiss phase, the arsenic and copper contents in the slag phase and the distribution ratios of arsenic and copper between the slag and speiss phases at 1,473 K. Fig.3 Distribution ratio of arsenic, L As s/c , between calcium ferrite slag and speiss phases at 1,473 K. ignated as (0.003) and (0.008) in Fig.6 , which were obtained on the basis of thermodynamic calculations, are also in good accordance with those derived from the results of the present experiments.
for the equilibrium between the SiO 2 -saturated ironsilicate slag and the speiss with (N As / N Cu ) of (0.15 / 0.85) is shown in Fig.7 , in relation to the activity of iron. The activity of iron at 1,423 K, which is shown in Fig.2 , is extrapolated at 1,473 K by using a regular solution model. is found to increase monotonously with decreasing iron activity and, at a given iron activity, it is considerably smaller than that for the calcium-ferrite slag which is shown with a broken line in Fig.7 .
for the iron-silicate slag is shown against the activity of iron in Fig.8 . It increases slightly with decreasing iron activity. The difference in between the iron-silicate and calcium-ferrite slags is not remarkable.
Discussions
The distribution ratios of arsenic and copper between the Cu-Fe-As speiss and slag phases will be thermodynamically discussed in this section.
When the oxidation reactions with the arsenic and copper components in the slag phase, and with valency, , respectively, are considered, and the mole fractions of arsenic and copper components in the speiss and slag phases are converted to the mass % scale, the distribution ratios of arsenic and copper are thermodynamically expressed by Eqs. (3) and (4), respectively. = (mass %As in slag) / (mass %As in speiss) = (mass %Cu in slag) / mass %Cu in speiss)
Where, { } and < > represent the speiss and slag phases, respectively. K 1 and K 2 are the equilibrium constants for the reactions (1) and (2), {n t } and <n t > the total mole amounts of the components in 100 g of the speiss and the slag, { } and { } the Raoultian activity coefficients of arsenic and copper in the speiss, and < > and < > the activity coefficients in the slag, respectively.
is the partial pressure of oxygen. When AsO 1.5 and CuO 0.5 are considered for the arsenic and copper components in the slags with = 3 and 1 in Eqs. (1) and (2), respectively, the equilibrium constants at 1,473 K, which were calculated from the thermodynamic data table 6) , are K 1 = 4.3 × 10 5 ≅ { } can be also calculated from the data of arsenic and copper activities shown in Figs.1 and 2. Furthermore, it is possible to estimate the oxygen partial pressure for the calcium-ferrite slag / speiss equilibration by combining the data of the iron activity in the speiss determined in the present study with the relationship between the partial pressure of oxygen and the activity of iron in the calcium-ferrite slag, which was investigated by Yazawa and Takeda 4) . It was evaluated that the oxygen partial pressure is decreased from 2.5 × 10 -11 to 4.6 × 10 -13 atm when the activity of iron in the speiss increased from 0.15 to 1.
On the other hand, no data are available for the activity coefficients of AsO 1.5 and CuO 0.5 in the calcium-ferrite slag equilibrated with the Cu-Fe base speiss. Hence, in the present thermodynamic discussion, < > and < > were evaluated from Eqs. (3) and (4), respectively, by a trial-error procedure so that they might mostly reproduce the experimentally determined distribution ratios of arsenic and copper. It was found that the experimental results can be reproduced fairly well when < > and < > are 0.02 and 2.0, as shown with the broken lines in Figs.4 and 6, respectively. Takeda et al. 7) reported that < > and < > in the calcium-ferrite slag at 1,473 K, which was equilibrated with liquid copper under a reducing condition with the oxygen partial pressure of about 10 -10 atm, are approximately 0.01 and 3.5, respectively. These values are fairly close to those evaluated in the present discussion.
The present results shown in Figs.7 and 8 are also analyzed thermodynamically. <n t > of the calcium-ferrite slag and the SiO 2 -saturated iron-silicate slag in Eqs. (3) and (4) are nearly equal with a value of about 1.45. No remarkable discrepancy in the relationship between the oxygen partial pressure and the iron activity is found between the both slags because the activities of FeO are not so different between the both slag systems 4)5) . Hence, the ratios of the distribution ratio for the calcium ferrite slag to that for the SiO 2 -saturated ironsilicate slag can be approximately given by Eqs. (5) and (6) 
The ratios of the activity coefficients, which were evaluated from Eqs. (5) and (6) by using the experimentally determined distribution ratios, are found to be 0.3 ~ 0.33 and 0.7 0 .8 for the AsO 1.5 and CuO 0.5 components in the slags, respectively. While, the ratios for the slag / copper equilibration, which were evaluated at of 10 -10 atm from the data by Takeda et al. 7) , are about 0.15 and 0.8 for AsO 1.5 and CuO 0.5 , respectively.
Conclusion
As a fundamental study of the Cu-Fe-As speiss relating to the reduction smelting of nonferrous metals and the treatment of byproducts and wastes, the activities of the speiss components and the distribution ratios of arsenic and copper between the speiss and calcium-ferrite or SiO 2 -saturated iron-silicate slag phases were investigated. The results are summarized as follows.
(1) The solid solution projects extensively toward the Cu-As axis in the Cu-Fe-As ternary diagram at 1,423 K. It is considered that this tendency owes to the characteristic features observed in the iso-curves of the copper and iron activity in the Cu-Fe-As ternary speiss.
(2) The distribution ratio of arsenic between the speiss and the calcium-ferrite slag, , which were determined along the iso-activity lines of iron in the speiss phase, decreases remarkably with increasing iron activity. While, the distribution ratio of copper, , has a tendency to increase with increasing mole fraction ratio of (N Cu / N Fe ) in the speiss phase.
(3) The observed behaviors of the distribution ratios are explained on the basis of related thermodynamic properties of the speiss and slag components. 
